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Abstract: Light and heavy charged Higgs bosons are predicted by many models with
an extended Higgs sector such as the two-Higgs-doublet model (2HDM). Searches for the
charged Higgs bosons have been done by the ATLAS and the CMS experiments at the
Large Hadron Collider (LHC) in proton-proton collision. However, a denitive search of
charged Higgs bosons still has to be carried out by the LHC experiments. The experimental
observation of charged Higgs bosons would indicate physics beyond the Standard Model.
In the present work we study the O(s) correction to the energy spectrum of the inclusive
bottom-avored mesons (Xb) in polarized top quark decays into a light charged Higgs
boson (mH+ < mt) and a massless bottom quark followed by the hadronization process
b ! Xb in the type-I 2HDM, i.e. t(") ! H+b ! H+Xb + Jet. This spin-dependent
energy distribution is studied in two dierent helicity coordinate systems. This study
could be considered as a new channel to indirect search for the charged Higgs bosons. To
present our phenomenological predictions, we restrict ourselves to the constraints on the
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1 Introduction
Charged Higgs bosons are predicted by several non-minimal Higgs scenarios [1], such as
models including Higgs triplets [2] and two-Higgs-doublet models (2HDM) [3]. In the
2HDM, as a simplest model, the Higgs sector of the Standard Model (SM) is extended
typically by adding an extra doublet of complex Higgs elds. In this model, after sponta-
neous symmetry breaking the particle spectrum includes ve physical Higgs bosons: light
and heavy CP-even Higgs bosons h and H with mH > mh, a CP-odd Higgs boson A, plus
two charged Higgs bosons H [4]. The discovery of a charged Higgs boson would clearly
indicate unambiguous evidence for the presence of new physics beyond the SM.
The production and decay modes of charged Higgs bosons depend on their masses,
mH . At hadron colliders, charged Higgs bosons can be produced in several channels. In a
type-I or type-II 2HDM, which type-II is the Higgs sector of the Minimal Supersymmetric
Standard Model (MSSM) up to SUSY corrections [5], the main production mode at the
Large Hadron Collider (LHC) for light charged Higgs (with mH < mt) is through the top
quark decay t! bH+. In this case, the light charged Higgses are produced most frequently
via tt production. At the LHC, a cross section of (pp! ttX)  1 (nb) is expected at design
energy
p
S = 14 TeV [6]. With the LHC design luminosity of 1034 cm 2 s 1 in each of the
four experiments, it is expected to produce about 90 million tt-pairs per year [7, 8]. Thus,
the LHC is a superlative top factory. At the LHC, the charged Higgs bosons are searched
for in the subsequent decay products of the top pairs tt ! HWbb and tt ! HHbb
when H decays into  -lepton and neutrino. For a review of all available production modes
of light charged Higgs at the LHC, see also [9].
The combined Large Electron-Positron (LEP) experiments have determined a lower

















94 GeV [10], and the lower limit for any B(H+ ! ) as 80 GeV. The experimental results
from the Tevatron placed upper limits on B(t ! H+b) in the 15{20% range for light
charged Higgs bosons. Both the CMS [11] and ATLAS [12, 13] collaborations searched for
light charged Higgs bosons assuming B(H+ ! ) = 1 and improved the Tevatron limits
to the 1{4% range for a mass range mH+ = 90{160 GeV. We will discuss about the recent
results on a search for the charged Higgs bosons by the CMS [14, 15] and ATLAS [16, 17]
collaborations when we present our numerical analysis in section 4.
The primary purpose of the present manuscript is the evaluation of the order s QCD
corrections to the dierential decay width (d ^=dxi) of a polarized top quark into a charged
Higgs boson and a bottom quark, t(")! bH+, where xi is the scaled-energy fraction of the
b-quark or the gluon emitted at the next-to-leading order (NLO). In the next section, we
shall explain that to obtain the energy distribution of hadrons produced through the top
decays in the 2HDM, one needs these dierential decay widths. The NLO QCD corrected
decay distributions,  (t ! bH+), were previously computed in [18] for the polarized top
quarks, and in [19{22] for the unpolarized ones. In refs. [23, 24], we calculated the un-
polarized dierential decay width d ^(t ! bH+)=dxb at NLO and showed that our result
after integration over xb (0  xb  1) is in complete agreement with refs. [19{21] and the
corrected version of [22]. In [25], we studied the O(s) radiative corrections to the spin-
dependent dierential decay rate of the process t(")! bH+ in a special helicity coordinate
system with the event plane dened in the (x; z) plane and the z-axis along the Higgs
boson three-momentum (in the following called system 1). In this frame, the top quark
polarization vector was measured with respect to the direction of the Higgs 3-momentum.
We checked that our result was in complete agreement with the result presented in [18]
after integration over xb (0  xb  1).
Generally, to dene the planes one needs to measure the momentum directions of the
momenta ~pb and ~pH+ and the polarization direction of the top quark, where the measure-
ment of the momentum direction of ~pb requires the use of a jet nding algorithm, whereas
the polarization direction of the top quark must be obtained from the theoretical input.
For example, in e+e  interactions the polarization degree of the top quark can be tuned
with the help of polarized beams.
In the present work, we analyze the angular distribution of dierential width of the
process t(") ! bH+ in a dierent helicity coordinate system where, as before, the event
plane is the (x, z) plane but with the z-axis along the bottom quark (in the following called
system 2). In this system, the polarization direction of the top quark is evaluated with
respect to the b-quark three-momentum (z-axis). This result is completely new. We also
calculate the decay width  (t(") ! bH+) in this new frame by integrating d =dxb over
0  xb  1 and compare it with the previous result from [18].
On the other hand, bottom quarks produced through the top decays hadronize (b !
Xb) before they decay, therefore, each b-jet Xb contains a bottom-avored hadron which
most of the times is a B-meson. At the LHC, of particular interest is the distribution in
the scaled-energy of B-mesons (xB) produced through t(")! BH+ +X in the top quark
rest frame. The study of these energy distributions in the polarized and unpolarized top

















at the LHC. In [23, 24], we studied the energy spectrum of the bottom-avored mesons in
unpolarized top quark decays into a charged Higgs boson and a bottom quark at NLO in
the 2HDM. In [25] we studied the spin-dependent energy distribution of B-mesons produced
through the polarized top decays at NLO in the helicity coordinate system 1. Here, our
specic purpose is to study this angular correlation in a dierent helicity frame (system 2).
Through this paper, we present our predictions for the B-meson energy spectrum in the
polarized and unpolarized top decays and shall compare the polarized results in both
helicity systems 1 and 2.
In the SM, due to the element jVtbj  1 of the Cabibbo-Kobayashi-Maskawa (CKM) [26,
27] quark mixing matrix, the top quark decays dominantly through the two-body mode
t ! bW+. In [28{32], we investigated the energy distribution of B-mesons produced
in polarized and unpolarized top quark decays in the SM. By ignoring the interference
contribution between the SM top decay, and the 2HDM top decay into charged Higgs, in
each top decay (polarized or unpolarized) to obtain the total distribution of the B-hadron
energy two contributions due to the decay modes t! bH+ (in the 2HDM) and t! bW+
(in the SM) should be summed up. Indeed, for the unpolarized top quark decay one has;
d tot=dxB = d 
SM(t! BW+)=dxB +d BSM(t! BH+)=dxB. The same result is valid for
the polarized top decay as long as the spin direction of the polarized top quark is evaluated
relative to the b-quark three-momentum. Thus, at the LHC any deviation of the B-meson
energy spectrum from the SM predictions can be considered as a signal for the existence of
charged Higgs. Although, the SM contribution is normally larger than the one coming from
2HDM [23, 24], but there is always a clear separation between the decay channels t! bW+
and t ! bH+ in both the ttX pair production and the t=tX single top production at the
LHC, this point is mentioned in [33].
This paper is organized as follows. In section 2, we study the inclusive production
of a meson from polarized top quark considering the factorization theorem and DGLAP
equations. In section 3, we present our analytical results of the O(S) QCD corrections
to the tree-level rate of t(") ! bH+. In section 4, we present our numerical analysis of
inclusive production of a meson from polarized top quark decay considering two dierent
helicity coordinate systems. In section 5, our conclusions are summarized.
2 Formalism
In the proposed way to search for the light charged Higgs bosons, we study the inclusive
production of a bottom-avored meson (B) from polarized top quark decay in the following
process
t(")! bH+(g)! H+B +X; (2.1)
where X stands for the unobserved nal states and the gluon contributes to the real radi-
ation at NLO. Both the b-quark and the gluon may hadronize into the B-meson.
If we label the four-momenta of top quark,b-quark, gluon and B-meson by pt; pb; pg and
pB, respectively, then in the top quark rest frame the b-quark, gluon, and B-meson take

















Eb  (m2t +m2b m2H+)=(2mt) and 0  Eg  (m2t (mb+mH+)2)=(2mt). Following ref. [28],
it is convenient to introduce the scaled energy fractions xi = Ei=E
max
b = 2Ei=(mt(1+R y))
(i = b; g;B) where the scaled masses y and R are dened as y = m2H+=m
2





By neglecting the b-quark mass mb, one has xi = 2Ei=(mt(1  y)) so that 0  (xb; xg)  1.
In the rst step, we analyze the parton-level sector of the decay process (2.1) in the rest
frame of a top quark. The angular distribution of the dierential decay width d ^=dxi(i =
b; g) of a polarized top quark is given by the following simple expression to clarify the















where P is the polarization degree of the top quark with 0  P  1 so that P=1 corre-
sponds to 100% top quark polarization and P=0 corresponds to an unpolarized top quark.
In eq. (2.2) d ^unpol=dxi stands for the unpolarized dierential rate, which is extensively
calculated in [23, 24] up to NLO, and d ^pol=dxi refers to the polarized one. The analytical
expression for the dierential partial width d ^pol=dxi depends on the selected helicity co-
ordinate system. In the rest frame of a top quark decaying into a b-quark, a Higgs boson
and a gluon, the nal state particles dene an event plane. Relative to this plane, we can
dene the polarization direction of the polarized top quark. For the decay process (2.1),
there are two various choices of possible coordinate systems relative to the event plane
where one dierentiates between frames according to the orientation of the z-axis.
In [25], we calculated the angular distribution of the partial decay width d ^=dxi in a
specic frame (system 1) where the three-momentum of the charged Higgs boson ( ~PH+)
pointed in the direction of the positive z-axis and the polar angle P was dened as the
angle between the polarization vector ~Pt of the top quark and the positive z-axis. The sign
`+' in (2.2) stands for this system.
Here, we consider a dierent helicity coordinate system (system 2) where the three-
momentum of the bottom quark points in the direction of the positive z-axis (see gure 1).
In (2.2), the sign ` ' stands for the system 2. The technical detail of our calculation will
be presented in the next section. We will show that the results depend on the selected
helicity system.
Having the parton-level dierential decay rates d ^=dxi, our main purpose is to evaluate
the distribution in the scaled-energy (xB) of B-mesons in the polarized top quark rest
frame. For this study, we evaluate the partial decay width of process (2.1) dierential
in xB, d =dxB, at NLO where the normalized energy fraction of the B-meson is dened
as xB = 2EB=(mt(1   y)). According to the factorization theorem of the QCD-improved
parton model [34], the energy distribution of a B-meson can be expressed as the convolution
of the parton-level spectrum with the nonperturbative fragmentation function DBi (z; F ),














































Figure 1. Polar angle P dened in the second helicity coordinate system (system 2). ~Pt stands
for the top polarization vector in the top rest frame.
where d ^=dxi(i = b; g) is the parton-level dierential width of the process (2.1) in each
selected helicity coordinate system. In the equation above, F and R are the factorization
and the renormalization scales, respectively. In principle, one can use two dierent values
for these scales; however, a choice often made consists of setting R = F and we shall
adopt this convention in our work. We will go back to the factorization theorem in section 4,
when our numerical analysis is presented.
In the next section, we present our analytic results for d ^=dxi(i = b; g) at NLO in the
helicity system 2.
3 Analytic results for d ^=dxi
In this section we study the NLO radiative corrections to the partial decay width
t(")! b+H+ in the general 2HDM, where H1 and H2 are the doublets that their vacuum
expectation values give masses to the down and up type quarks, respectively, and a linear
combination of the charged components of H1 and H2 gives the physical charged Higgs
H. In general models with two Higgs doublets and generic coupling to all the quarks,
it is dicult to avoid tree-level avor-changing neutral currents. We, thus, limit ourselves
to the models that naturally stop these problems by restricting the Higgs coupling to all
quarks. Generally, there are four possibilities (called four models in the following) for the
two Higgs doublets to couple to the fermions. In these models, the Yukawa couplings









ut(pt)fA(1 + 5) +B(1  5)gub(pb)

; (3.1)
where A and B are model-dependent parameters and gW is the weak coupling factor.
In the rst model (model I) the doublet H1 couples to all bosons and the doublet H2
couples to all the quarks. In this model, one has
A = mt cot ; B =  mb cot: (3.2)
In the second model (model II), the doublet H1 couples to the right-chiral down-type
quarks and the doublet H2 couples to the right-chiral up-type quarks. In this model, the
interaction Lagrangian consists of

















Two other models are also possible (models III and IV) so that for the model III, both up-
and down-type quarks couple to the second doublet (H2) and all leptons to the rst one
while for the model IV, the roles of the two doublets are reversed with respect to Type
II [35]. A summary of which type of fermions couple to H1 and H2 in models I{IV is
given in table I of [35]. Here, we just mention that the charged Higgs boson contributions
to processes which depend only on the quark sector (e.g., the process examined in (2.1))
are the same both in models I and IV and also in models II and III. Thus, the analytical
results presented for the partonic process t ! bH+ in the models I and II can be also
applied for models IV and III, respectively. Indeed, the dierence between the models I
and IV (also between the models II and III) is due to the leptonic sector of the decay
process t(")! bH+ ! b(BX) +H+(+ ), see table I of ref. [35].
In (3.2) and (3.3), tan  = v2=v1 is the ratio of the vacuum expectation values of the
two electrically neutral components of the two Higgs doublets. The models I and II are
also known as type-I and type-II 2HDM scenarios.
3.1 Born-level rate of t! bH+ in ZM-VFNS
The Born term amplitude in the 2HDM for the process t(") ! b + H+ can either be
expressed as a superposition of right- and left-chiral coupling factors, i.e. M0 = ubfgt(1 +
5)=2 + gb(1  5)=2gut, or as a superposition of scalar and pseudoscaler coupling factors,
i.e. M0 = ub(a+ b5)ut, where a = (gt + gb)=2 and b = (gt   gb)=2. One also has gb = 2B
and gt = 2A where A and B are dened in (3.2) and (3.3) for the models I and II. The
inverse relation reads a = A + B and b = A   B.
Therefore, for the Born amplitude squared one has: jM0j2 = 2(pb  pt)(a2 + b2) +
2(a2   b2)mbmt + 4abmt(pb  st) where we replaced
P
st
u(pt; st)u(pt; st) = (=pt +mt) in the
unpolarized Dirac string by u(pt; st)u(pt; st) = (1  5=st)(=pt +mt)=2 in the polarized state.
Considering gure 1, the polarization four-vector of the top quark in the top rest
frame reads; st = P (0; sin P cosP ; sin P sinP ; cos P ) and thus one has pb  st =
 P (j~pbj cos P ). This justies the minus sign in eq. (2.2). Therefore, the tree-level he-







 ^unpol0   P  ^pol0 cos P

(1  xb); (3.4)





















(1; R; y)(ab); (3.6)
where (x; y; x) = x2 + y2 + z2   2(xy+ xz + yz) is the triangle function, R = m2b=m2t and
y = m2H+=m
2
t . The above results are independent of the selected helicity frames and are

















In the limit of vanishing b-quark mass (m! 0  R! 0) one has a=b in the model I








GF jVtbj2(1  y)2 cot2 ; (3.7)








cot2  +R tan2 
















cot2   R tan2 	: (3.9)
In (3.8) and (3.9), when the R tan2 -term can be compared with cot2  therefore one
cannot naively set mb = 0 in all expressions. For example, if we take mb = 4:78 GeV,
mt = 172:98 GeV,mH+ = 155 GeV and tan  = 4 thus the second term in the curly brackets
in (3.8) and (3.9) can become as large as O(20%) and this order will be larger when tan 
is increased. Therefore, the mb ! 0 approximation is not suitable for the type-II 2HDM.
In this paper, we work in the type-I 2HDM and adopt, with a very good approximation,
the Born term presented in (3.7) in the massless or zero-mass variable-avor-number (ZM-
VFN) scheme [36] where the zero mass parton approximation is also applied to the bottom
quark and the nonzero value of the b-quark mass only enter through the initial condition
of the nonperturbative FF. The results for the type-II 2HDM, considering the massive or
general-mass variable-avor-number (GM-VFN) scheme will be presented in a forthcoming
paper.
In the following, we present our analytical results for the O(s) QCD corrections to
the tree-level decay rate in the ZM-VFN scheme.
3.2 Virtual corrections
The QCD virtual one-loop corrections to the polarized dierential width arise from emission
and absorption of a virtual gluon from the same quark leg (quark self-energy) and from
a virtual gluon exchanged between the top and bottom quark legs (vertex correction). In
the ZM-VFN scheme all divergences including the infra-red (IR) and ultra-violet (UV)
singularities which arise from the collinear- and the soft-gluon emissions, respectively, are
regularized by dimensional regularization in D = 4  2 space-time dimensions to become
single poles in . These singularities are subtracted at factorization scale F and absorbed
into the bare fragmentation functions (FFs) according to the modied minimal-subtraction
scheme (MS). The virtual contributions are the same in both helicity systems 1 and 2, and
more detail of our calculation can be found in [25]. We just mention that by neglecting the
b-quark mass the counter term of the vertex consists of the top quark mass renormalization















































where, F = 2 ln(1  y)  ln(42F =m2t ) + E   5=2, CF = (N2c   1)=(2Nc) = 4=3 for Nc = 3
quark colors, and Li2(x) =  
R x
0 (dt=t) ln(1  t) is the Spence function. Note that, all UV-
divergences are canceled after summing all virtual corrections up but the IR-singularities
are remaining which are labeled by  in the above equation. Since the virtual corrections
are the same in both helicity systems 1 and 2, the above result is in agreement with [18]
where the authors have considered the rst helicity system.
3.3 Real gluon corrections
In this section we calculate the O(s) QCD corrections (i.e. t(")! bH+g) which are needed
to cancel the IR-singularities of the virtual corrections. In the rest frame of a top quark
decaying into a Higgs boson, a bottom quark and a gluon the outgoing particles dene an
event plane so that relative to this plane one can dene the spin direction of the polarized
top quark. For our aim, two possible coordinate systems are dened as
Systsem 1: ~pH+ jjz^; (~pb)x  0
Systsem 2: ~pbjjz^; (~pH+)x  0 : (3.11)
The various helicity systems provide independent probes of light charged Higgs bosons in
the polarized top quark decay dynamics.
In [25], we analyzed the spin-momentum correlation between the top quark polarization
vector and the momenta of its decay products in the system 1. In the present work, we
study the same analysis in the system 2 and show that the energy spectrum of the outgoing
B-meson depends on the helicity system selected. Considering the general form of angular















where d ^unpol=dxb is presented in [23, 24].
The O(s) real gluon (tree-graph) contribution to the dierential decay rate results
from the square of the real amplitude as jM realj2 = M realy M real, where M real reads











(a1 + b5)u(pt; st)
?
(pg; r); (3.13)
where the polarization vector of the real gluon with the momentum pg and spin r is denoted
by (pg; r). The rst and second terms in the curly brackets refer to the real gluon emission

















As before, to regulate the IR-divergences we work in D = 4  2 dimensions, therefore






jM realj2dPS(pt; pb; pg; pH+); (3.14)








 (2)DD(pt   pb   pH+   pg): (3.15)
To calculate the real polarized dierential decay rate d ^pol;real=dxb, we x the momentum
of the bottom quark in eq. (3.14) and integrate over the gluon energy which ranges as
mtS(1  xb)  Eg  mtS(1  xb)=(1  2Sxb) where S = (1  y)=2. Also, to get the correct
nite terms one has to normalize it to the Born width (3.7) which is evaluated in the
dimensional regularization at O(2), i.e.  ^pol0 !  ^pol0 f1  (E + 2 lnS   ln(42F =m2t ))g.
Thus, in the second helicity coordinate system the contribution of the real gluon emis-



























F   2 y


























where F = 2 ln(1  y)  ln(42F =m2t ) + E   5=2 and the plus distributions are dened as
usual.
3.4 Analytic results for partial decay rates d ^=dxi in the helicity system 2
The NLO expression for the d ^pol=dxb is obtained by summing the Born term, the virtual
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ln(1  y)  4  2y
1  y ln y  
2
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qq is the time-like q ! q splitting function at leading order [37{39], so









Since, the bottom-avored hadrons can be also produced through the hadronization of
the emitted real gluon at NLO, we also need the dierential decay rate d ^pol=dxg in the ZM-
VFN scheme. To calculate the d ^pol=dxg we start form eq. (3.14) and x the momentum
of the gluon and integrate over the bottom quark energy so that mtS(1   xg)  Eb 
mtS(1   xg)=(1   2Sxg). Since we x the gluon momentum, then there will be no soft
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gq is the time-like q ! g splitting function at LO [37{39],
P (0)gq (xg) = CF





To subtract the collinear singularities remaining in eqs. (3.17) and (3.19), we apply the
modied minimal subtraction (MS) scheme where the collinear singularities are absorbed





F ) in the polarized dierential decay rates. According to this scheme, in order
to get the MS coecient functions we shall have to subtract from eqs. (3.17) and (3.19)
the O(s) term multiplying the characteristic MS constant ( 1= + E   ln 4). In this




Integrating d ^pol=dxb of eq. (3.17) over xb(0 < xb < 1), we obtain the NLO renormal-


















Our previous result for  ^pol(=
R 1
0 dxbd ^
pol=dxb) in the helicity system 1 [25] was in complete


















4 Numerical analysis in type-I 2HDM
In the 2HDM, the mass of charged Higgs bosons is restricted by mH > mW at tree-
level [40], but this restriction does not hold for some regions of parameter space after
including radiative corrections. In this model, mH is strongly correlated with the mass
of other Higgs bosons. In [19], it is mentioned that a charged Higgs boson with a mass
range 80 GeV  mH  160 GeV is a logical possibility and its eects should be searched
for in the decay mode t ! bH+ ! B+ + X. On the other hand, the recent results of
a search for evidence of a charged Higgs boson in 19:5{19:7 fb 1 of proton-proton collision
data recorded at
p
s = 8 TeV are reported by the CMS [14, 15] and the ATLAS [16, 17]
collaborations, using the +jets channel with a hadronically decaying  lepton in the nal
state. According to gure 7 of refs. [16, 17], the large region in the mH+   tan parameter
space is excluded for mH+ = 80{160 GeV. So, the unexcluded regions of this parameter
space include the charged Higgs masses as 90  mH+  100 GeV (with 6 < tan < 10)
and 140  mH+  160 GeV (with 3 < tan < 21). See also gure 9 of refs. [14, 15].
Therefore, these values of mH and tan  are still allowed and in this work our prediction
and analysis is restricted to these regions. However, a denitive search of the charged Higgs
bosons over this part of the mH+   tan parameter space still has to be carried out by the
LHC experiments.
Here, for our numerical analysis we adopt the input parameter values from ref. [40] as;
GF = 1:16637 10 5 GeV 2, mt = 172:98 GeV, mb = 4:78 GeV, mW = 80:399 GeV, mB =
5:279 GeV, and jVtbj = 0:999152. Considering the unexcluded mH+ tan parameter space
from the ATLAS experiments [16, 17], we also consider mH+ = 95; 155 GeV and 160 GeV.
In the ZM-VFN scheme the polarized and unpolarized decay rates at the Born level
are the same in both helicity systems (see (3.7) and corresponding explanation) and from






2;0). Our result for the unpolarized rate at
NLO, is
 ^unpol =  ^0(1  0:010) ; for mH+ = 160 GeV
 ^unpol =  ^00(1  0:028) ; for mH+ = 155 GeV
 ^unpol =  ^000(1  0:086) ; for mH+ = 95 GeV
and for the polarized rate in the system 1, one has
 ^pol1 =  ^0(1  0:037) ; for mH+ = 160 GeV
 ^pol1 =  ^
0
0(1  0:038) ; for mH+ = 155 GeV
 ^pol1 =  ^
00
0(1  0:043) ; for mH+ = 95 GeV
and for the NLO polarized width in the helicity system 2, we have
 ^pol2 =  ^0(1  0:033) ; for mH+ = 160 GeV
 ^pol2 =  ^
0
0(1  0:051) ; for mH+ = 155 GeV
 ^pol2 =  ^
00
0(1  0:109) ; for mH+ = 95 GeV :




0 depend on the mH+ and tan , see (3.7). As is

















obtaining the results above, we applied the unpolarized decay rate presented in [23, 24]
and the polarized ones in the rst and second helicity systems given in [25] and (3.21),
respectively.
Here, we take a moment to mention to an important eect which was neglected in
our previous calculations of charged Higgs production. Indeed, there are some interference
eects between the on-shell top pair production and the o-shell production through the
gluon splitting. The latter is mostly important for charged Higgs masses well above the top
quark mass (typically mH & 200 GeV) where the top quark decay is kinematically forbid-
den and charged Higgs production can only occur when the o-shell top quark possibly is
considered. For the intermediate-mass range (145 . mH . 200 GeV), the interplay eects
between top quark resonant and non-resonant diagrams can not be neglected. The eect
is, however, at the level of 10% (depending on the specic values of tan  and mH) and
decreases with lower charged Higgs masses. More detail along with a convenient discussion
can be found in [41].
After our numerical analysis of decay widths we are now in a situation to present
our phenomenological predictions for the scaled-energy (xB) spectrum of bottom-avored
mesons (B) inclusively produced in polarized top decays in the type-I 2HDM. To show our
predictions for the xB-distribution, ignoring the interference eect with a good accuracy,
we consider the doubly dierential distribution d2 =(dxBd cos P ) of the partial width of
the decay t(") ! BH+ + X in the system 2. Here, xB = 2EB=(mt(1   y)) is the scaled-
energy fraction of the B-meson in the top quark rest frame, where the energy of B-meson







According to the factorization formula (2.3), the required ingredients for this study are
the parton-level dierential decay widths (3.17) and (3.19) and the fragmentation functions
(FFs) DBb (z) and D
B
g (z) which describe the splitting of b ! B and g ! B, respectively.
To describe these hadronization processes, from ref. [42] we employ the nonperturbative
B-hadron FFs determined at NLO in the ZM-VFN scheme through a global t to e+e 
annihilation data taken by OPAL [43], ALEPH [44] and SLD [45, 46]. In ref. [42] authors
used a simple power model Db(z; 
ini
F ) = Nz
(1   z) as the initial condition for the
b ! B FF at iniF = 4:5 GeV, while the gluon and light-quark FFs were generated via the
DGLAP evolution equations [37{39]. The t yielded the values N = 4684:1,  = 16:87,
and  = 2:628 for the FF parameters.
Considering the unexcluded 2HDM mH+ tan parameter space from the CMS [14, 15]
and the ATLAS [16, 17] experiments, in gure 2 we show our prediction for the xB-spectrum
at NLO in the system 2, taking mH+ = 95 GeV (solid line), mH+ = 155 GeV (dotted line)
and mH+ = 160 GeV (dot-dashed line) where tan  = 8 is xed for all predictions. As is
seen, when mH+ increases the size of decay rate decreases but the peak position is shifted
towards higher values of xB.
Considering the results of the CMS [14, 15] and ATLAS [16, 17] experiments where
4  tan  16 is allowed for mH+ = 155 GeV, in gure 3 we study the energy spectrum of
B-meson in the helicity system 2 for dierent values of tan  = 8 (solid line), 12 (dashed
line) and 16 (dot-dashed line), where the mass of Higgs boson is set to mH+ = 155 GeV
for all analysis. As is seen, when tan  increases the size of decay rate decreases. This is
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Figure 2. The NLO xB-spectrum (d =dxB) in polarized top decay in the helicity coordinate
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Figure 3. xB spectrum in polarized top decay in the type-I 2HDM with dierent values of tan  = 8,
12 and 16. The charged Higgs boson mass is set to mH+ = 155 GeV. The analysis is done in the
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Figure 4. d =xB as a function of xB in the type-I 2HDM considering the ZM-VFN scheme.
The unpolarized (dashed line) and polarized partial decay rates are compared at NLO taking
mH+ = 155 GeV, tan  = 8 and R = F = mt. For the polarized top decays we used the helicity
system 1 (dotted line) and 2 (solid line). Detail are discussed in the text.
In gure 4, taking mH+ = 155 GeV and tan  = 8 the NLO 2HDM energy spectrum of
B-mesons from polarized top decays, t(")! BH++X, in the rst (dotted line) and second
(solid line) helicity coordinate systems are shown. As is seen the energy distributions ob-
tained from our analysis in two various systems are dierent and the size of NLO correction
is larger in the system 2. For more comparison, we also plotted the energy distribution
of B-mesons through unpolarized top quark decays (dashed line). A considerable point is
that the size of NLO corrections is the same both for the polarized top decay in the helicity
system 2 and for the unpolarized one, except for small values of xB(0:14 < xB < 0:45). In
this region the unpolarized distribution is larger.
In gure 5, as in gure 4, the same comparisons are done but for mH+ = 95 GeV. Our
results show that in these cases the NLO corrections are similar in the shape, however, the
unpolarized distribution shows a more enhancement in size at NLO.
To obtain the energy spectrum of B-meson we used the factorization formula (2.3)
where F and R are the factorization and the renormalization scales, respectively. In
principle, two dierent values for these scales can be selected, however, we adopted R =
F = mt in our calculations. In gure 6, we studied the dependence of the B-meson
spectrum on these scales considering three dierent values:  = mt=2 (dots),  = mt
(solid) and  = 2mt (dashes). This can be considered as a theoretical uncertainty due to
scale variation.
It should be pointed out that our formalism elaborated here can be also extended to
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Figure 6. xB spectrum in polarized top decay for three dierent scales:  = mt=2 (dots),  = mt

















and protons, etc., using the nonperturbative (b; g) ! =K=P FFs extracted in our recent
works [47{50], relying on their universality and scaling violations [51].
5 Conclusions
Charged Higgs bosons (H) are predicted in models consisting of at least two Higgs
doublets, of which the simplest are the two-Higgs-doublet models (2HDM). The charged-
Higgses have been searched for in high energy experiments, in particular, at the Tevatron,
ATLAS and CMS but they have not been seen so far. The discovery of a charged Higgs
would represent unambiguous evidence for the presence of physics beyond the SM. There
are many reasons, both from theoretical considerations and experimental observations, to
except physics beyond the SM, such as the hierarchy problem, neutrino masses and dark
matter.
In the 2HDM, the main production mode of light charged Higgs boson (mH+ < mt)
is through the top quark decay, t ! bH+. On the other hand, bottom quarks hadronize,
via b ! B + X, before they decay, so that the decay process t ! BH+ + X is of prime
importance at the LHC. Therefore, the study of scaled-energy (xB) distribution of the
bottom-avored mesons (B) inclusively produced in top quark decays is proposed as a new
channel to indirect search for the light charged Higgs bosons. For this study, we need to
evaluate the quantity d =dxB.
In [23, 24], we studied the energy spectrum of the B-mesons in unpolarized top decays
into a charged-Higgs boson and a b-quark at NLO in the 2HDM. In [25] we studied the
spin-dependent energy distribution of B-mesons produced through the polarized top decays
at NLO in a special helicity coordinate system (system 1), where the event plane lied in the
(x, z) plane and the Higgs three-momentum was along the z-axis. In the present work, we
have presented results on the NLO radiative corrections to the spin-dependent dierential
width d2 =(dxBd cos P ), applying a dierent helicity system (system 2) where the z-axis
is dened by the b-quark 3-momentum. This provides an independent probe of charged
Higgses and also any deviation of the B-meson energy spectrum from the SM predictions
can be considered as a signal for the existence of charged Higgs at the LHC. To make these
predictions we obtained the analytical results for the parton-level dierential decay width
d ^(t(") ! bH+(+g))=dxa(a = b; g) in two helicity systems 1 and 2. Our result for the
unpolarized dierential decay width d ^(t ! bH+)=dxb was in complete agreement with
refs. [19{22] after integration over 0  xb  1, and our result for the polarized one in
the system 1 was in agreement with [18] after integration over xb. Here, using the same
techniques we calculated the polarized dierential width in the helicity system 2 and we
also computed, for the rst time, the polarized rate in the system 2. We found that the
polarized results depend on the selected helicity system, extremely.
For our numerical analysis, considering the recent results reported by the CMS [14, 15]
and ATLAS [16, 17] collaborations we restricted ourselves to the unexcluded regions of
the 2HDM mH+   tan parameter space which include 90  mH+  100 GeV (with

















Since, highly polarized top quarks will become available at hadron colliders through
single top production processes, which occur at the 33% level of the tt pair production
rate [52], and in top quark pairs produced in future linear e+e -colliders [53{55] these
studies can be considered as a new channel to search for the charged Higss bosons.
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